ABSTRACT The oriental fruit ßy, Bactrocera dorsalis (Hendel) is a major pest of many fruit crops worldwide. Current detection programs by federal and state agencies in the United States use a grid of traps consisting of liquid methyl eugenol (lure) and naled (toxicant) applied to cotton wicks and hung inside the trap. In recent years efforts have been made to incorporate these chemicals into various solid-type matrices that could be individually packaged to reduce human exposure to the chemicals and improve handling. New solid formulations containing methyl eugenol and either naled or dichlorovinyl dimethyl phosphate toxicants were compared with the standard formulations on cotton wicks in large scale Þeld evaluation in Hawaii. Two reduced risk toxicants (spinosad and Rynaxypyr) were also evaluated. In one test the solid lure-toxicant-matrix combinations were sent to California to be weathered under California climate conditions and then sent back to Hawaii for evaluation. The polymer matrices with lure and toxicant were found to be as attractive as baited wicks and have the same longevity of attraction regardless of being weathered in Hawaii or in California. The new ingestible toxicants were also effective, although further testing of these ingestible lure ϩ toxicant ϩ matrix products is necessary.
The oriental fruit ßy, Bactrocera dorsalis (Hendel) is a serious quarantine pest of over 100 commercial crops. These include such high value crops as apple (Malus sylvestris (L.) Mill), apricot (Prunus armeniaca L.), avocado (Persea americana Mill), sweet cherry (Prunus avium (L.) L.), cucumber (Cucumis sativus L.), Þg (Ficus carica L.), grapefruit (Citrus paradisi), lemon (Citrus limon), pear (Pyrus communis L.), nectarine (Prunus persica variety nectarina (L.) Stokes), sweet orange (Citrus sinensis (L.) Osbeck), pepper, bell or chilli (Capsicum annuum L.), persimmon (Diospyros spp. L.), plum (Prunus americana), and tomato (Lycopersicon esculentum L.) (White and ElsonÐHar-ris 1992) . Native to Southeast Asia, the oriental fruit ßy and its close relatives, the melon ßy (Bactrocera cucurbitae (Coquillett)), the Queensland fruit ßy (Bactrocera tryoni (Froggatt)), as well as the Mediterranean fruit ßy (Ceratitis capitata (Wiedemann)), constitutes some of the greatest threats to agriculture in the United States. These species are not established in the continental United States, but frequent incursions are detected through a grid of over 160,000 traps deployed throughout the United States with a majority in major fruit and vegetable growing states of California, Texas, and Florida. These surveillance trapping programs are maintained year-round by state and federal regulatory agency programs. While effective, the increasing cost of such a program has generated interest in improvements that reduce costs as well as worker exposure to toxic chemicals (EPA 2006) . Such improvements must also maintain or increase effectiveness, sensitivity and longevity of the detection systems used.
For the past 50 yr, semiochemical-based male attractants termed parapheromones by Cunningham (1989) have been used for detection and, in some cases, control of oriental fruit ßy (Vargas et al. 2000) . Methyl eugenol (ME) (1Ð2-dimethoxy-4-allylbenzene) is a plant phenylpropanoid known to occur naturally in some plants and to be highly attractive to male oriental fruit ßy (Beroza et al. 1960) . At present, the standard method of deploying ME involves the application of 6 ml of ME containing 5% naled (dibrom) onto cotton wicks and placed inside triangular delta-type Jackson traps (California Department of Food and Agriculture [CDFA] 2005). This method exposes workers to insecticide, is labor intensive and messy to handle at times. Improved techniques that are preformulated or do not require the use of toxic chemicals may offer several beneÞts but must not compromise the effectiveness of the lure/trap combinations. Previous studies (Hiramoto et al. 2006 , Jang 2010 have shown that the polymer matrix containing ME is as good as or better than the cotton wick standard in trapping oriental fruit ßy in Hawaii. Recently, Vargas et al. (2010) and Shelly et al. (2011) tested various solid "wafer" formulations containing ME as well as other attractants with similar results.
The addition of a toxicant to the attractant-matrix formulation is the next logical step in developing an easy to use single-packaged product for deployment in area-wide detection and surveillance programs. We evaluated the solid matrixÐME formulations containing either naled or dichlorovinyl dimethyl phosphate (DDVP), as well as two reduced risk insecticides (spinosad and Rynaxypyr) against wild populations of oriental fruit ßy. These reduced risk pesticides need to be ingested to be toxic to the targeted insect. In addition, Þeld performance of lures vary with location because of environmental conditions such as humidity, temperature, and wind, all of which may affect volatility and release of semiochemical attractants from various matrices. Lures deployed in the Þeld typically are emplaced for a period of 6 Ð 8 wk and serviced weekly to determine if exotic fruit ßies are present in traps. Ideally, the Þeld performance of the lures should be similar throughout the deployment period. Because of the difference between environmental conditions in Hawaii and California we weathered lures in both locations. This paper presents the results of an in-Þeld performance test in Hawaii of the various lure, toxicant, and matrix (L ϩ T ϩ M) combinations weathered in California and Hawaii.
Materials and Methods
The following comparisons were conducted to compare various combinations of L ϩ T ϩ M, where the matrix was either a semisolid polymer or a cotton dental wick (the latter being the standard matrix used in the California monitoring program). The L ϩ T ϩ M combinations tested during the four comparisons were:
MEW ϭ 6 ml of liquid ME on a cotton wick (6.35 cm ϫ 1.27) with 5% 1,2-dibromo-2,2-DDVP (naled). MEWF ϭ 6 ml of liquid ME on a cotton wick (6.35 cm ϫ 1.27) with 5% naled. During three Hawaii weathering tests, these wicks were replaced biweekly with fresh lure toxicant during each Þeld-capture test. During the one California weathering test, these were a fresh wick with L ϩ T in each weekly Þeld-capture test. MEDDVP ϭ 6 g of ME with 5% 2,2-DDVP in a polymer matrix (Sentry Biologicals, Billings, MT). MEP ϭ 6 g of ME with 5% naled in a polymer matrix (Sentry Biologicals). MES ϭ 6 g of ME with 2% spinosad (Dow Agroscience LLC, Indianapolis, IN) in a polymer matrix (Sentry Biologicals). MERY ϭ 6 g of ME with 2% 3-bromo-N-[4-chloro- In all tests, Jackson traps (Better World Mfg., Fresno, CA) were used. These traps consisted of a metal hanger, uniform triangular prism-shaped paper body, and sticky card insert as well as the matrix (attractant with or without toxicant) in a polymer basket or wire wick holder. The plugs were placed in the polymer basket and suspended in the middle of the Jackson trap with the metal hanger. The metal hanger also allowed the trap to be hung on a tree branch. The removable sticky card insert captured the ßies, allowing them to be counted.
Traps were loaded with their respective treatments on the morning of the test date. The traps were then taken to a 404.7 ha macadamia nut orchard in Shipman Industrial area (Hawaii) to be hung in trees. The nonhost macadamia nut orchard was chosen as a location where the effects of host breeding did not interfere with the trials. However, the orchard is surrounded on all sides with mixed, disturbed forest and feral host Þelds such as papaya. To further reduce the large numbers of wild oriental fruit ßies that might be captured within the treated area, a buffer of two tree rows on each side of the test area was assigned in which traps containing ME baited traps were hung to reduce the pressure of the wild ßy population to better mimic a possible trap scenario in California. In the treatment Þelds, traps were placed randomly Ϸ1.2 m above the ground, 40 m apart within the row and 40 m apart across Þve tree rows. Each of a total of 20 tree rows received one trap of every treatment in random order. Traps were exposed to allow ßy capture in sticky inserts for a 4 h period (10 a.m.Ð2 p.m.) on 1 d of the week. The baited traps were left in the rows every week for a total period of 8-wk and screened to allow weathering but not allow ßies to enter the traps when active trapping was not being done. The period of each replicate test was 56 d per test.
In the case of the Hawaii-weathered treatments, the lures were left in the Þeld for the duration of each 56 d test of the Hawaii-weathered L ϩ T ϩ M (comparison 1). Sticky cards were collected at the end of each weekly, 4-h sampling period and placed in brown paper bags. The MEWF wick was replaced with fresh lure and toxicant every 2 wk.
One test was conducted with the California-weathered treatments (comparison 2). In the case of the California-weathered lures, 20 of each treatment were collected from the weathering locations and shipped to Hawaii each week with no storage between collection and deployment other than in transit. They were deployed in Hawaii and left in the Þeld for the 4 h time interval. The traps with the California-weathered lures were collected and brought back to the lab. Sticky inserts from all of the replicates were examined and the oriental fruit ßies trapped on each of the cards were subsequently counted and recorded.
Comparison 1 During the aging period, one replicate of each of the lure samples was collected weekly and shipped to Hilo, HI. In addition to these four treatments, traps containing a 6 g methyl eugenol plug without toxicant (ME) were weathered in California and placed in the Hawaii weathering test, to determine the impact of the toxicant. Preparations of the lures mirrored that of the other L ϩ T ϩ M both in the methods used to produce the lures and the way they were deployed, except that the CA group were initially weathered in California.
Analyses. For Comparison 1. The data from the three replicate tests were combined and subjected to general linear models analysis (PROC GLM, SAS version 9.2, SAS Institute, Inc. 1988) of both the ßies/h and the square-root transformed data (͌ßies/h). It was apparent that the differences between the replicates were because of the variation in B. dorsalis populations in the Þeld captures. To account for the population variability, the data were subjected to GLM repeated measures analysis on the ßies/h. The ͌ßies/ h yielded similar results as the ßies/h with a further reduction in variability. Therefore, the ͌ßies/h was used in the Repeated Measures analysis. The independent variables were treatment, replicate, and treatment by replicate interaction. The dependent variable was ͌ßies/h. Results were tabled with Microsoft Excel 2007.
In addition, to remove variability associated with ßy population in the tests, the mean ßies/h caught by the MEW lures were computed, and used to normalize the data. Each individual trap catch for each L ϩ T ϩ M was divided by the mean trap catch in the MEW traps for the corresponding test period. This ratio was subjected to GLM analysis, and means were compared with TukeyÕs studentized range test at ␣ 0.05. The ratios of MEDDVP: MEVT were plotted and a natural logarithmic trend was calculated over the duration of the second replicate to illustrate the repulsive effect of Vaportape II.
For Comparisons 2 and 3. All of the treatments weathered in California were subjected to GLM analysis on the data and square roots of the data. L ϩ T ϩ M and the tree-row number were the Þrst and second independent variables, respectively. Flies/h was the dependent variable. The lures containing the reduced-risk toxicant were only compared with the wick (MEW) and the fresh wick (MEWF). Comparisons of the performance of the reduced-risk lures could be made across the comparison 1 and 2 because of the presence of MEW and MEWF in all tests.
Location (loc, where the lures were weathered) and the plug prototype were concatenated into a crossed variable, L ϩ W ϩ T_loc. A two-way GLM analysis (on data and square roots of the data) was performed where location and the L ϩ W ϩ T_loc were the independent variables and mean ßies/h was the dependent variable for all of the reduced-risk toxicant lures and baited wicks. The procedures described in the preceding two paragraphs were also applied to the normalized ratio of ßies/h: mean ßies/h in the MEW.
Results

Comparison 1: Matrix and Toxicant Comparison
Tests Conducted in Hawaii. The results of the three replications in comparison 1 varied by the available population of B. dorsalis ßies (Fig. 1) . The population varied both between tests and within tests. The fresh wick (MEWF) exhibits the same variability in ßy population as compared with the other methyl eugenol treatments that conÞrms that ßuctuating fruit ßy population is the cause of the differential. At higher ßy populations the differences in attraction between the various presentations of L ϩ T ϩ M became more apparent and thus affected the L ϩ T ϩ M means over all tests. In the GLM analysis over the three tests, the treatment accounted for 57.6% of the total variance (F ßies/h ϭ 7.81; N ϭ 2638; df ϭ 4,2529; P Ͻ 0.0001). Transforming the data improved the Þt of the model slightly (F ͌ßies/h ϭ 8.34; N ϭ 2638; df ϭ 4,2529; P Ͻ 0.0001). The interaction of treatment and tree row was 13.4% of the total variance.
The three test periods were very different with respect to the number of ßies caught. Therefore, it was necessary to subject the data to GLM repeated measures analysis to assure that the differences between the lures were not overshadowed by the population ßuctuation. The MANOVA for the hypothesis that there was no replicate effect yielded a WilksÕ Lambda exact F ϭ 53.57; df ϭ 14,1196; P Ͼ 0.0001 (S ϭ 2, M ϭ 2, N 298). The MANOVA for the hypothesis that there was no interaction of timereplicate by L ϩ T ϩ M effect yielded a WilksÕ Lambda exact F ϭ 1.04; df ϭ 56,1196; P ϭ 0.4011 (S ϭ 2, M ϭ 12.5, N 298). The time-replicate by L ϩ T ϩ M interaction was not signiÞcant in the GLM model in the Þrst or third test, but was approaching signiÞcance (P ϭ 0.059) in the third test. The results of the GLM analyses are given in Table 1 . Although the repeated measures analysis was able to show differences between the lures at the different test periods, the greatest differences were seen in test period three which happen to have the highest ßy population. In that third trial, only the fresh wick (MEWF) caught signiÞcantly greater numbers of ßies than the other lures. The MEDDVP caught less than MEP but neither lure differed signiÞcantly from the standard wick (MEW).
In the control traps containing only Vaportape II (CVT), the ßy catch was so low that the data are not included in the GLM analyses. The traps containing a 6 g methyl eugenol in polymer matrix, with a separate Vaportape II strip (MEVT), had performance similar to the MEDDVP and not signiÞcantly different than the MEW. As previously reported by Jang (2010) , there is a tendency for the Vaportape II strip to suppress trap capture initially because of the strong outgassing of DDVP. The ratio of the mean ßies caught by the two lures (MEDDVP: MEVT) went from 1.87 down to 0.94 over the 8 wk of replicate tests. The change is modeled by a natural log equation (y ϭ Ϫ0.388 n(x) ϩ 1.7244; R 2 ϭ 0.8489). This illustrates the repulsive effect that fresh Vaportape II has on ßy capture when Þrst exposed to the ßies. This effect is not seen in the MEDDVP treatment, where the toxicant is incorporated into the lure matrix, and presumably outgases at a more constant rate.
By normalizing the data over the three replicate periods of comparison 1, using the ratio ßies/h: mean ßies/h MEW, gave the range in ratios (Table 2) . Only MEP and MEWF were signiÞcantly different than MEW (F proportion ϭ 11.63; N ϭ 2998; df ϭ 4, 2874; P Ͻ 0.0001).
Comparison 2: Matrix and Toxicant Comparison Tests Conducted With Lures Weathered in California. This experiment was conducted in 2010 and the plugs were weathered in California and shipped to Hawaii for Þeld testing in the same location as comparison 1. The same prototypes used in comparison 1 were used in comparison 2. The plugs and wicks were Þeld-exposed in California and collected at weekly intervals to measure the attractiveness of the MEprototypes to a B. dorsalis population in Hawaii (Fig.  2) . The mean capture of the polymer matrix methyl eugenol lures without toxicant (ME) was approximately half that of the cotton wick with the ME and naled toxicant ( Table 2 ). The other lures in the comparison did not differ signiÞcantly from either the wick that was charged once at the beginning of the 56 d of exposure (MEW), or the wick that was replaced with a fresh wick every 2 wk during the Þeld exposure in Hawaii (MEWF). The outliers on the edge rows were removed from the analysis, and L ϩ T ϩ M and tree row were the Þrst and second levels in the analysis, the L ϩ T ϩ M effect was signiÞcant only for the polymer matrix without toxicant (F ßies/h ϭ 11.91; N ϭ 719; df ϭ 4,630; P Ͻ 0.0001). Transforming the data improved the analysis slightly (F͌ ßies/h ϭ 16.20; N ϭ 719; df ϭ 4,630; P Ͻ 0.0001), but all other treatments were not signiÞcantly different from the standard wick. By nor- Lure ϩ toxicant ϩ matrix (L ϩ T ϩ M) effect (where timereplication was a second level in the analysis.):
Test 1: (F ϭ 1.43; N ϭ 638; df ϭ 4,599; P ϭ 0.2240). Test 2: (F ϭ 2.67; N ϭ 638; df ϭ 4,599; P Ͻ 0.0315). Test 3: (F ϭ 19.71; N ϭ 638; df ϭ 4,599; P Ͻ 0.0001). Repeated measures ANOVA tests of the hypotheses for between subject effects: L ϩ T ϩ M (F ϭ 5.92; N ϭ 638; df ϭ 4, 599; P ϭ 0.0001). Time-replication (F ϭ 67.98; N ϭ 638; df ϭ 7, 599; P Ͻ 0.0001). Interaction (F ϭ 0.82; N ϭ 638; df ϭ 28, 599; P Ͻ 0.7792). a Means are ßies/h, GLM repeated measure statistics are derived from √ßies/h. Data from the border tree rows at the edge of the test area were not included in analyses.
b TukeyÕs pairwise comparison test of mean ßies/h (P ϭ 0.05) within the tests. Values with the same letter are not signiÞcantly different. malizing the data with the ratio ßies/h: mean ßies/h MEW, only ME without toxicant was signiÞcantly different than MEW (F proportion ϭ 14.24; N ϭ 1118; df ϭ 6,979; P Ͻ 0.0001) ( Table 2) . Figure 3 shows the mean ßies/h of the two lures against the standard methyl eugenol and naled on a wick that was either fresh (MEWF) or weathered (MEW). The wicks weathered in California that were not fresh (MEW), caught more than any of the ingestible treatments (Table 3 ), indicating that the attractiveness of the wicks was not diminished over the course of the experiment. The MEW and MEWF wicks were run concurrently with both the spinosad and Rynaxypyr prototypes. In the California weath- ered test, the two ingestible lures caught approximately the same number of ßies per hour as the fresh ME ϩ naled wick (MEWF), whereas the weathered reduced-risk lures did differ signiÞcantly from the standard wick (MEW). This analysis combined the location and L ϩ T ϩ M into one dependent variable, although location and the combined variable were the Þrst and second levels in the GLM analysis. Location was most signiÞcant (F ϭ 69.96; N ϭ 2159; df ϭ 1,2152; P Ͻ 0.0001), but the combined variable (L ϩ T ϩ M_loc) was also signiÞcant (F ϭ 10.17; N ϭ 2159; df ϭ 6,2152; P Ͻ 0.0001). Square-root transformation of the data only marginally increased the F values of the already highly signiÞcant Þrst and second level effects and is consequently not reported. Instead, the two reduced-risk lures performed as well or better than normalized ratio (ßies/h: mean of ßies/h MEW), indicated that although the capture ratio of the MEW and MEWF and the MES did not differ signiÞcantly at the two locations, the MERY did (F ϭ 8.39; N ϭ 4174; df ϭ 13,3975; P Ͻ 0.0001) ( Table 3) .
Table 2. Capture of wild Oriental fruit flies to various (California-weathered) lure-toxicant-matrix combinations in Hawaii
Treatment Abbreviation N Mean ßies/ h Ϯ SEM Normalized ratio (ßies/h) to standard (L ϩ T ϩ M/mean MEW) Weathered in
Comparison 3: Matrix and Toxicant Comparison Tests Conducted With Novel Reduced Risk Pesticides.
Discussion
The results reported in this study support the notion that replacement of the standard liquid ME ϩ naled on a cotton wick with a solid formulation such as the product tested in this study would be an effective alternative for use in detection programs against oriental fruit ßy. Several other recent studies have been published that have also evaluated different solid formulations as potential replacements for the liquid-onwick formulation (Hiramoto et al. 2006; Vargas et al. 2009b Vargas et al. , 2010 Shelly 2010; Shelly et al. 2011) . Although there were marked differences between the sources of the solid formulations, dosages applied to the formulations and locations of the tests (Hawaii and California), all tests supported the general tenant that the solid formulations could serve as a suitable replacement. Hiramoto et al. (2006) tested an early version of the plastic matrix plug manufactured by Scentry Biologicals and used in the Hawaii area wide program from 2000 Ð2007. Subsequently Vargas et al. (2009b) and Vargas et al. (2010) as well as Shelly (2010) and Shelly et al. (2011) tested multiple formulations of solid formulations (with and without toxicant incorporated directly into the formulations) manufactured by Scentry and FarmaTech International (North Bend, WA) with similar results relative to the standard liquid-on-wick formulations of ME ϩ naled against oriental fruit ßy. LeBlanc et al. (2011) also tested the FarmaTech ME wafer in Tahiti with similar overall results as previous authors.
In our study, trap capture was dependent on the population of B. dorsalis, and in situations in which ßy population was high there were notable differences in attractance among the L ϩ T ϩ M combinations. In the event of a low ßy populations, which would be the situation in detection programs where the ßies are not normally present, the attractance differences were insigniÞcant. Shelly et al. (2011) reported differences in trap captures between evaluations conducted in Hawaii and California and suggested that environmental differences might be involved. Different environmental conditions, dosages of both the ME and naled, trap type and weathering period could all affect the resulting trap captures. In our study, wild populations add another variable. Given the many studies that have been performed we believe that the use of such solid formulations can substitute for the standard wick in state and federal surveillance programs. The implementation of the all-in-one lures into a program is a function of many factors, most important of which is effectiveness over a 6 Ð 8 wk period. Additional factors that may inßuence the decision to convert to the solid formulations include ease of use, worker safety, shelf life of the packaged product and costs.
There is a continuing need to evaluate alternative toxins including new reduced risk insecticides for use in state and federal trapping programs (Vargas et al. 2003) . Organophosphate insecticides such as malathion and naled have historically been used with ME. Vargas et al. (2005) tested ME with the toxicant Þpro-nil (Amulet ME) against oriental fruit ßy in Hawaii and found that although effective initially, longevity of this product over a 6 Ð 8 wk period was a problem. Several of the above referenced studies incorporated the insecticide DDVP (dichlorovos) along with or incorporated into the solid matrix. While the result (not surprisingly) was not different from the cotton wick containing naled, both DDVP and naled are considered organophosphate insecticides and thus subject to different exposure limits than for nonorganophosphate insecticides. Jang (2010) reported on an initial reduction in trap captures, presumably the result of off-gassing of the DVVP strips placed along with solid formulation plugs, but overall performance was not affected signiÞcantly. We found similar results in the current study using solid formulations incorporating the toxicants. The reduced-risk toxins, spinosad and Rynaxypyr, performed better than the MEW in Hawaii (MEW), both the reduced risk formulations and the wicks caught approximately the same number of ßies/h. However, not as well as MEW in California. This may because of the great difference in the standard in the two locations (11.46 vs. 4.85 ßies/h for CA and HI, respectively), such that MERY and MES were higher in proportion to the standard in Hawaii, but lower in California. Therefore, while there is reason to believe that spinosad and Rynaxypyr might be used in a polymer matrix in combination with methyl eugenol, more thorough testing of both the attractiveness and safety of these products is needed.
